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Effects of g-Jitter and Marangoni Convection on Float Zones
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The effects of g-jitter on three liquid zone experiments are numerically investigated. The g-level used in the
study is composed of a steady component, characterizing the residual acceleration environment, and a time-
varying component, characterizing the g-jitter environment. The time-varying component is comprised of either
a sinusoidal or impulse disturbance. The response of both unencapsulated and encapsulated zone configurations
are examined. The results indicate that complex flow patterns can arise that significantly modify the heat
transfer characteristics of the system. The effects are more pronounced at the lowest frequency investigated
(10-3 Hz), and impulsive accelerations imparted to fluids with large Prandtl numbers were found to have long

are presented for many of the cases investigated.

Nomenclature
A,B =g-jitter amplitude
Gr = Grashof number, Ra/Pr
g =residual gravity
g = acceleration due to gravity
2o = terrestrial gravity, 981 cm/s?

H =height or thickness of float zone

h =heat transfer coefficient

k =thermal conductivity

L =length of float zone; length scale

Ma =Marangoni number

Nu = average Nusselt number

Nu, = average Nusselt number, reference case
Nu, =local Nusselt number

P’ = pressure correction

Pr =Prandtl iumber, »/a

D =pressure

Ra = Rayleigh number, gBATL3/va

T = temperature

t - =time ‘
UV,W =dimensionless Cartesian velocities (/ U.es)
ULer =velocity scale, [Mala/L

uv,w = Cartesian (x,y,z) velocity components
X,Y,Z =dimensionless Cartesian coordinates (/L)
X,Y,2 = Cartesian coordinates

« =thermal diffusivity

B = thermal expansion coefficient

A =difference

] = dimensionless temperature

U =dynamic viscosity

v =kinematic viscosity

o =density -

g =surface tension

T =dimensionless time, L/ UL

' =period of g-jitter, s
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decay times. Detailed velocity, temperature, average Nusselt number, and temperature sensitivity information

= stream function

1/

I3 = g-jitter frequency, rad/s
Subscripts

ref =reference quantity

1 =temperature suffix for hot disk
2 =temperature suffix for cold disk

‘ Introduction
RYSTAL growth methods have come into keen focus in
recent years as the capabilities of obtaining larger and
higher quality crystals are investigated in a low-gravity envi-
ronment. Several crystal growth related experiments have been
performed during previous extended space missions, and more

‘opportunities are anticipated in future space flights. The float-

ing zone crystal growth method, which is often used in the
ground-based production of semiconductor crystals, may
prove to be an attractive method for space operations.

A reduction in gravity, while tending to minimize buoyancy-
driven convection, also results in the reduction of the hydro-
static pressure. Such a reduction in pressure prevents liquid in
a floating zone configuration from deforming under its own
weight and allows longer, more stable zones to be formed.
From these zones, larger crystals can be solidified. Further,
the float zone geometry is a partially containerless system,
being that the circumferential surface is almost entirely in
contact with the fluid surrounding it except at the solidus
walls. Such containerless processing eliminates wall effects
such as contamination and nucleation at the cylindrical zone
wall and allows the formation of more pure and perfect crys-
tals. In addition, the absence of the ampoule wall allows
unconstrained material expansion during freezing, preventing
sample breakage and other constrainment effects.

The floating zone configuration, while beneficial in reduc-
ing wall effects, may experience a second type of convection,
initiated and sustained by thermal or solutal gradients along
the zone free surface. This convection, now related to surface
tension rather than gravitational forces, is called Marangoni
convection and results because fluid elements on the free sur-
face with a low surface tension tend to flow to fluid areas of
higher surface tension. Because the float zone process is one in
which a material is melted and then resolidified, axial and
longitudinal thermal and solutal gradients are sure to exist
within the zone, acting as drivers for this convective flow.
Such Marangoni convection may produce oscillatory tempera-
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tional homogeneity of the processed crystal. In the space
environment, Marangoni convection is expected to be the
dominant force in a float zone melt. Some of the deleterious
effects of buoyancy and Marangoni convection can be reduced
by crystal rotation, an operation that tends to stabilize any
present oscillatory thermal/solutal fields. In addition, a fur-
ther reduction of the Marangoni effect may be achieved by
encapsulation (or coating) of the zone, a process that tends to
reduce the surface tension flow at the free surface. Experimen-
tal research involving float zone silicon melts reported by Eyer
et al.! indicated that surface tension driven convection is the
predominant driving force both on Earth and in low gravity,
as both terrestrial and Spacelab 1 crystals had similar striation
patterns. Further, Earth-grown silicon crystals that were
coated with silica to suppress Marangoni convection were
shown to be striation free.? Experiments by Croell et al.>* also
demonstrated a reduction of Marangoni convection via melt
coating. A silicon sample coated with a 5-um-thick SiO, film
was melted and solidified during the low-gravity sounding
rocket flight. The dopant boron, applied to the edge of the
crystal, was released during melting to map either the diffusive
or convective behavior of the melt. It was reported that a
purely diffusive character was observed in the flight sample,
whereas laminar convection was observed in the correspond-
ing ground sample. Float zone encapsulation of gallium ar-
senide (GaAs) crystals with boron trioxide has been studied by
Barocela and Jalilevand.® Reportedly, such encapsulation will
prove to have several advantages, including the suppression of
Marangoni convection and the reduction of evaporation of
compounds during growth. Further, these semiconductors,
employed for both electronic and light emitting diodes, are
prime candidates for low-gravity materials processing.

Acceleration Environment

During past space investigations, many experiments have been
suspected to have been affected by the imposed acceleration
environment. There are few experiments, however, that corre-
lated the sensitivity of the fluids experiment to the measured-
time-dependent low-gravity disturbances. Therefore, efforts
are being made to determine the acceleration effects and possi-
bly reduce the disturbances experienced by the fluid system.
For example, if fluid sensitivity can be characterized in a
computational, quantitative way, vibration isolation systems
might be tuned to filter bandwidths expected to produce ad-
verse effects. .

Because of the importance attributed to gravity forces that
drive the fluid, calculations described herein represent resul-
tant flowfields produced as quasisteady, oscillatory, and/or
transient acceleration forcing functions are applied. Realistic
acceleration inputs were sought for the calculations, and esti-
mations of spacecraft accelerations were researched. Magni-
tudes and/or frequencies of suspected spacecraft accelerations
discussed here have been presented by Ostrach,® Demel,” and
Hammacher.®

Spacecraft drag and gravity gradient effects contribute to
the quasisteady acceleration that impacts experiments within
the vehicle. These accelerations are dependent on vehicle alti-
tude and attitude, as well as position within the vehicle, and
are expected to produce very small but steady disturbances ‘in
the range of 2.0 x 108 to 6.0 x 10~ %,. Such disturbances
include very low frequencies corresponding to the orbital pe-
riod of the spacecraft. These accelerations in the orbital
regime were cited having frequencies of 1.0 X 10-% to 5.0 x
10-3 Hz.”

Transient accelerations (attributed to crew motion, space-
craft attitude control maneuvers, etc.) and oscillatory motions
(attributed to rotating machinery, etc.) are expected to typi-
cally produce somewhat larger disturbances in the range of
3.0 x 10-6to 4.2 x 10~ %g,. These accelerations were cited as
having frequencies from 5.0 x 10~3 to over 100 Hz. More
specifically, Ostrach® notes that crew motion throughout the
mission will most likely be random in nature, distributed over

a frequency range from 0.1 to 10 Hz and having a peak
amplitude at 1 Hz. Amplitudes associated with this motion are
expected to be 3.0 X 10~ g, when the crew is asleep and, of
course, much higher during full duty hours. Transient acceler-
ations measuring as high as 1.0 x 10~ 2g, were observed on the
German Spacelab D18 and during Spacelab 3.

The previously mentioned quasisteady and g-jitter accelera-
tions not only affect the onset and development of convective
motion in the float zones due to buoyancy forces, but also
have an impact on the stability of the zone itself. During the
silicone oil bridge experiments on Spacelab D1,%10 column
breakage occurred a total of six times, twice specifically at-
tributed to g-jitter effects and other times related to mechani-
cally imposed axial oscillations. Although it is expected that
higher frequencies, greater than 0.1 Hz, can be isolated by the
use of passive or active isolation techniques, lower, possibly
critical frequencies will still be imposed on the experiments.
The effect of these disturbances on the flow and heat transfer
in the float zones has yet to be fully understood.

Questions then arise as to the practicality of vibration isola-
tion systems for certain classes of experiments. If experiments
are most sensitive to accelerations in the critical region where
isolation systems can function effectively, is the cost of imple-
menting such a system feasible? To what levels should the
isolation bandwidths be chosen for each different experiment
scenario? Will isolation systems be highly practical for impul-
sive type disturbances, but ineffective for very low frequency
accelerations? To answer such questions, the sensitivity of
fluids experiments to low gravity disturbances must be exam-
ined.

Choosing an Experiment Class

A review of fluids and materials processing experiments!!
that were performed in the low-gravity environment was com-
pleted, and experiments expected to be particularly sensitive to
a vibration environment were considered for analysis. It was
noted that over 50 separate investigations had been initiated to
study thermocapillary or liquid zone stability fluid characteris-
tics. Because the sensitivity of each fluid system could not be
examined, thermocapillary, liquid bridge, and float zone
space experiments were reviewed and typical experimental
parameters were noted. Fluid parameters for each experiment
setup were uniquely different. Liquid choices and correspond-
ing Prandtl numbers of the experiments were examined as a
range of fluid sensitivities were sought.

The silicone oil experiment of Napolitano,!? performed dur-
ing the German Spacelab Mission D1, was chosen for analysis.
The Prandtl number associated with this research was 60. The
experiments examined the Marangoni convection resulting in
one and two liquid bridges. Reportedly, a single fluid, 6-cm
silicone oil liquid bridge was created exhibiting a ‘‘purely
cylindrical shape.”” Heating of the feeding disk to 60°C in-
duced Marangoni flow, but its nature was not oscillatory. The
silicon melt (Pr = 0.023) experiments of Eyer et al.! (briefly
described in an earlier section) examined the floating zone
production of the phosphorous-doped silicon system during
Spacelab 1 (and TEXUS 7) and were also chosen for analysis.
Having chosen two practical experiments whose Prandtl num-
bers were 60 and 0.023, a third experiment was sought that
had a Prandt]l number between these two values. The liquid
bridge experiments of Chun'® performed during experiments
aboard the German TEXUS sounding rocket program were
chosen for this purpose.

Analysis Goals

The aim of this investigation was twofold: 1) to examine the
convective fluid dynamics resulting from quasisteady and g-
jitter accelerations on float zone and liquid bridge experi-
ments, and 2) to begin to quantify the acceptable g-tolerance
levels of these systems.

Fluid characteristics and system parameters of the selected
space investigations (Table 1) were implemented into analysis.
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Computations examined the overall buoyancy-driven and sur-
face-tension-driven convective flows within the zone rather
than the intricacies of the crystal growth at the interface. Such
analysis provides much information about the diffusive nature
of the fluid and the thermal distribution of the flow in the
critical area around the crystalline interface. Thus, highly
detailed modeling of each fluid class was not the objective,
rather determination of the overall fluid response to imposed
gravitational disturbances was the goal. It should be noted
that solutal contributions were not input into the computa-
tions as presented here.

Physical Setup and Governing Equations

A schematic illustrating the computational float zone ge-
ometry, residual gravity vector, and imposed g-jitter profile is
shown in Fig. 1. The two-dimensional, horizontal floating
zone, is simulated in a Cartesian coordinate system as a liquid
bridge suspended between two solid walls. A thermal gradient
is imposed across the bridge by maintaining the left-hand wall
at a hot temperature 7, and the right-hand wall at a cold
temperature 7. The free surfaces of the zone are assumed
flat, nondeformable, and thermally adiabatic. The imposed
g-level is comprised of a mean value or quasisteady accelera-
tion g and a time-varying g-jitter component. The g-jitter
component consists of either a sinusoidal disturbance with
amplitude A and frequency w, or an impulsive disturbance of
amplitude B and a duration of 1 s. All gravity components are
applied perpendicular to the temperature gradient. The equa-
tions and boundary conditions governing the simulation are
presented in Egs. (1-8). An incompressible, Newtonian-
Boussinesq fluid exhibiting laminar flow is assumed. All fluid
properties (except for the fluid density) are chosen to be con-
stant.

Continuity:
Uy +v, =0 (6))
Momentum:
U+ Uy + VU, = —Dy/ p + (Ui + Uyy) 2)

Vet uve+ vy = —p/p+ vV + V) + (T —Tr) (3)

Energy:
T; + uTy + vTy = Ty + Tyy) ()
Boundary conditions:
walls
u=v=0 at x=0,x=1L )
free surfaces
pu,=orT, at y=0,y=H ©)
hot side
T=T x=0
cold side ¥
T = Tz; x =L

Table 1 Float zone parameters and properties

Fluid Silicone oil Methanol Silicon melt
Flight D-1, 198612 TEXUS-7, 198413 Spacelab-1, 1984!
Pr 60 6.827 0.023

L,cm 6.0 1.0 2.0

AT, K 32 10 50

or, d/em.K — 0.0655 - 0.0773 —0.43

#, g/cm.s 4.56 x 10~ 2 5.84x 103 7.5%x10-3
p, g/cm3 0.91 0.792 2.50

v, cm?/s 5.01x10-2 7.374x10-3  3.0x10-3
o, cm2/s 8.40x 10-4 1.08x10-3 0.13

Br, 1/K 1.05x 10-3 1.19x 103 1.43x 104
Gr,1lg, 2.66 x 106 2.147 x 105 6.235 x 106
Ma -2.97% 105 - 1.226 x 105 —4.41 x 104

Adiabatic Free Surface

TR

oroo

r‘l")i

Adiabatic Free Surface

Fig. 1 Schematic of the setup and the g-jitter profile.

T, =0; at y=0,y=H ®)
In Eqgs (1-8), a subscript denotes partial differentiation of the
variable with respect to that subscript. Equation (6) balances
surface tension and shear forces at the free surfaces. Repre-
senting the fluid gradient of surface tension with temperature,
or decreases linearly with temperature for the three liquids
considered in this study. Hence, or is negative in all proposed
computations.

The equations and boundary conditions are placed into
dimensionless form using L as the reference length, U, as the
reference velocity, and (AT) as the temperature scale. Ma is
defined as .

Ma = orATL /(pa) )
Based on these reference quantities, the resultant flow and

thermal fields are given in terms of the dimensioniess stream
function and temperature

U=yy, V=—-yx, 0=T-T)/(Th-T) (10)
Using the scaling factors, boundary condition (6) becomes
U Y= — B X (l 1)

The time scale for the transient computations is determined
from the ratio of the reference length to the reference velocity.
In computations that consider a quasisteady acceleration
(2) coupled with a sinusoidal disturbance, the g is written in
Eq. (3) as

g =8+ A sinQRawt/7") (12)

where w is the g-jitter frequency and 7’ is the period of
oscillation.

Numerical Method

The governing equations and boundary conditions are
solved in the primitive variables using an implicit control
volume based finite difference method similar to the one pro-
posed by Gosman et al.'* The discretized equations are solved
iteratively using the SIMPLE-C pressure-velocity correction
algorithm.!>16 The code utilizes central differencing for the
spatial discretization of the diffusion terms and positive coef-
ficient skew upwind differencing for the convective terms. An
iterative procedure using the alternating direction implicit
(ADI) scheme is used for global iterations among the equa-
tions. Convergence is obtained when the following criterion is
satisfied after successive iterations of the equations.

Error = (AU | oy + 1AV 1300/ Uses + 1P |ipan/ 0Ure)

+ (AT lyyax/ Trer) < 104 a3)
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where the terms on the right-hand side are the computed
residuals in the momentum equations, the Poisson equation
for pressure, and the energy equation, respectively.

All the computations were done for a unit aspect ratio zone
(H/L = 1). A 31 x 31 staggered orthogonal grid was used for
Pr =0.023 and 6.827. A 41 x 41 staggered grid was employed
for Pr =60, as preliminary calculations showed the inade-
quacy of a 31 x 31 grid to sufficiently resolve the thermal
boundary layer for this Prandtl number. In addition, different
time steps were examined to ensure that the chosen time step
was adequately small. Computational analysis of the floating
zone configuration was first examined with only surface ten-
sion driven forces contributing to the convective motion. Once
steady-state solutions of these pure Marangoni computations
were realized, the resultant flow and thermal fields were used
as the starting conditions for the transient computations. In
these subsequent calculations, both Ma and gravity-driven
effects were examined. The local and average Nusselt numbers
are used to present the system heat transfer characteristics.
These quantities are defined as follows:

Local Nusselt number:
Nu,=hL/k = — 6y (14)

Average Nusselt number:

1 (H
Nu = o Xo‘ Nu, dy ; (15

Acceleration magnitudes and frequencies typical of those
that might be encountered on the Shuttle or Space Station
(10~3-0.1 Hz) were imposed over the fluid systems. Practical
vibration isolation limits are near the 0.1-Hz frequency cutoff;
thus, the computations consider realistic vibration isolation
disturbance filtering limits and examine fluid response at and
below these limits.

Results and Discussion

Computations were completed for both unencapsulated and
encapsulated zones for the three chosen experiments. In all of
the subsequent discussions, the steady-state results used as
initial conditions for the time-accurate computations will be
referred to as the reference case and the corresponding average
Nusselt number will be denoted as Nu,.

Unencapsulated Float Zones

Using fluid properties, as presented in Table 1, the steady-
state solutions for the three fluids subjected to surface-ten-
sion-driven convection alone are shown in Figs. 2. The
Marangoni numbers used in the computations are — 10°,
~1.2x 10% and — 10* for Pr = 60, 6.827, and 0.023, respec-
tively. The maximum and minimum values of the stream
function and the Nu, values for each case are also indicated in
the figures. In all of the three cases, vigorous convection in the
zone sets up two symmetric counter-rotating cells. The calcu-
lations indicate that the maximum velocities on the free sur-
faces are located adjacent to the cold wall for all three cases.
These velocities are 4.43 cm/s for silicone oil, 39.39 cm/s for
methanol, and 145.4 cm/s for the silicon melt. The average
surface velocities, however, are much smaller than these max-
imum values: approximately 0.33, 2.23, and 8.32 cm/s for
Pr =60, 6.827, and 0.023, respectively. These strong circula-
tions result in significant distortion of the isotherms. The
enhanced heat transfer is evidenced by the large values for the
average Nusselt numbers. In all of the cases, the Marangoni
driven flow was steady and no difficulties were encountered in
obtaining a converged solution.- Flight experiments with the
methanol bridge!® experienced flowfield oscillations that were
attributed primarily to Marangoni forces. However, the ob-
served unsteady flow behavior is not reproduced by the two-
dimensional computations.

Pr=60 Pr=6.827

S

Fig.2 Stream function and isotherm distributions; pure Marangoni
convection; Ay =2x10-4,

In order to gauge the effect of residual and g-jitter acceler-
ations on these strong, Marangoni flows, the steady-state re-
sults were used as initial conditions for subsequent computa-
tions. A constant, residual gravity level of 10 ~3g, was chosen
and coupled with a time-varying sinusoidal disturbance of
amplitude 10~ 3g, and frequency of 10~2 Hz. Time-accurate
solutions were computed over five periods of g-jitter for each
case.

The stream function and isotherm distributions over one
complete cycle of g-jitter are shown in Figs. 3 for Pr = 60.
The silicone oil bridge has already been subjected to four
periods of g-jitter forcing. Comparing resultant flow and
thermal fields for Pr = 60 (Figs. 2 and 3), it is observed that
gravity contributions do induce some effects; for example, the
two cells in the flowfield wax and wane, alternately, in step
with the frequency, whereas the isotherm response shows a
phase lag of n/2. Figure 4 shows the plot of the maximum
temperature change experienced at any point within the zone
and the maximum velocity changes (compared to the reference
case) on the top and bottom free surfaces during five cycles of
computation. The figure indicates that periodic behavior of
the thermal field is attained after one cycle, whereas the peri-
odic behavior of the flowfield is achieved after approximately
two cycles. The maximum increase in velocity along the free
surface is 70% larger than that for the reference pure Mar-
angoni case, and the maximum change in temperature within
the zone is around 5 K. This represents a change in the average
surface velocity from 0.32 cm/s (reference case) to 0.54 cm/s.



518 RAMACHANDRAN AND WINTER: EFFECTS OF g-JITTER

=1

l ~ Cycle 4.0 4 4.25

A\
}AU 4.50 "‘7 4,75 i" 5.0

Fig. 3 Stream function and isotherm distributions: w=10-2 Hz,
Pr=60, Ma = —105.
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Fig. 4 Temperature and velocity changes due to g-jitter: w=10"2
Hz, Pr =60, Ma = ~ 105,

Calculations for Pr = 6.827 and 0.023 illustrated that resid-
ual and g-jitter contributions on the flow and thermal fields
were less detrimental than for Pr = 60. For the Si melt, the
maximum velocity change at the free surface is about 0.08%
and the maximum temperature change in the zone is = 0.02 K.
The resulting overall Nu variation over the corresponding
reference case is ~ 0.015%. Similarly, for the methanol zone,
the temperature change is 0.002 K, the Nu change is — 0.08%,
and the velocity variation is ~ 0.35%. The imposed gravity
effects on these two cases are, thus, significantly reduced.

For other frequencies (w> 10~2 Hz), g-jitter computations
revealed negligible effects on the induced velocity and temper-
ature fields; thus, the results for these cases are not presented
here. It suffices to say that, in flows dominated by Marangoni
convection, the g-jitter modifications are, if anything, very
- minor in nature. For large Pr fluids, these effects are more
prominent than for small Pr fluids. It should be emphasized
that, although no large g-jitter impact was noticed in the zone
thermodynamic behavior, the large surface tension induced
velocities can impact the stability and shape of the zone and

this factor is of considerable concern for the successful com-
pletion of an experiment.

Encapsulated Float Zones -

Results are now presented for the encapsulated float zone
geometry for the same three fluids considered in the previous
discussions. Sixteen different transient cases were simulated
and are tabulated in Table 2. The residual, or quasisteady g
force was imposed on all 16 cases. A value of 10~ 3g, was
selected for this parameter, representing a worst-case scenario.
The g-jitter force coupled to this residual g force was repre-
sented by either a sinusoidal wave form (cases 1-3, 6-9,
12-14), or an impulsive input (cases 4, 5, 10, 11, 15, and 16).
The amplitude A of the imposed sinusoidal wave form (A4 sin
wt) was always chosen as 10~ 3g,, again representing a worst-
case scenario.

Although it is known that liquid encapsulation significantly
reduces the surface-tension-driven convection in a float zone,
the exact amount of reduction achieved has not been measured
or documented. Thus, for all cases, the Marangoni number
was arbitrarily taken to be — 1. As in the nonencapsulated
zone computations, steady-state results of pure Ma convection
calculations were used as initial conditions (reference cases),
except for Pr =60, where the reference case computations
also included the quasisteady residual force g. The computa-
tions were checked for the adequacy of spatial and temporal
discretizations and were typically carried out over five cycles
of the g-jitter frequency. Up to 56-104 time steps per cycle
were utilized, and the convergence criteria of 104 was used
per time step for the sum of the normalized residuals. Calcula-
tions for the lowest frequency considered in the study were the
most time-consuming with a typical run consuming up to an
hour of CPU time on the Cray XMP. )

Silicone Oil (Pr = 60)

The steady-state (reference case) results show that the ther-
mal buoyancy-driven flow (due to g) overcomes the Maran-
goni convection on the lower free surface of the zone and a
single clockwise (CW) rotating cell occupies the entire zone.
The isotherms echo the flowfield, being drawn from the hot to
the cold disk along the top free surface and drawn in the
opposite direction at the lower free surface. The Nu, for this
case is 1.466 as compared to 1.0 for pure conduction. The
maximum velocity at the free surface is now 0.0116 mm/s, as
compared to 4.43 cm/s for the unencapsulated float zone
Ma = - 10°).

Progressing from this starting condition, a sinusoidal dis-
turbance with amplitude 10~ 3g, and w = 103 Hz (case 1) is
applied. A sample of the stream function and isotherm distri-
butions over one complete cycle of the g-jitter is shown in

Table 2 Encapsulated float zones (cases simulated
and inferred results)

Case g, AB, W, Numax“NuoW ATmax, lumaxl,
no.  Fluid g0 £o Hz Nu, 'K cm/s
1 Siliconeoil 10-5 10-3 10-3 281.65 20.890 78.12
2 10-2 124.83 9.472  30.94
3 10~ 7.75 1.110  13.36
4 1-s impulse 10-3 2.58 0.569 9.002
5 1-s impulse 10-2 31.32 5.120 81.48
6 Methanol 10-5 10-3 10-3 41.51 2.71 0.845
7 10-2 11.54 1.29 1.010
8 10-! 1.406 0.043 0.467
9 1 0.149 0.0003 0.083
10 1-s impulse 103 0.229 0.003 0.303
11 1-s'impulse 10-2 3.988 0.0221 2.819
12 Simelt 10-5 10-3 10-3 1.10 1.725  0.0567
13 10-2 0.35 0.890 0.0352
14 10-1 0.03 0.119 0.0133
15 1-s impulse 10-3 0.02 0.0625 0.0111
16 1-s impulse 10~-2 0.19 0.5650 0.0300
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Fig.5 Stream function and isotherm distributions: w=10-3 Hz,
Pr=60, Ma = —1.
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Fig. 6 Nusselt number variation due to g-jitter: Pr =60, Ma = —1.

Figs. 5. The period of the time-varying disturbance is 1000 s
for this case, which is of the same order as the orbital period
(=90 min) of a spacecraft around the earth. The plots are
over the fourth cycle of g-jitter and are representative of the
periodic behavior attained by the fluid. The stream function
increments used in plotting are also listed in the figures along
with the variation of g-jitter for each subplot. Specific infer-
ences from the figures are the following.

1) The flow exhibits complete reversal over one period,
although the fluid inertia causes a slight lag in the velocity
response of the float zone.

2) A single cellular flow behavior is seen over a period of
g-jitter.

3) The isotherms are in step with the flow field being drawn
one way during the positive period of g-jitter and in the
opposite direction during the negative half of the g-jitter
cycle. In spite of the high Pr of the fluid (low conductivity),
the isotherms show shape changes from concave to convex and
vice versa due to the extremely low frequency considered.

4) The isotherm distributions suggest a rise and fall in the
heat transfer rate and significant variations in the temperature
at monitoring points within the zone.

The Nu variation over the five cycles of g-jitter is plotted in
Fig. 6. Included in the figure are results for the other frequen-
cies (cases 2 and 3), Nu,, and a representation of the g-jitter
variation. The plot shows an initial adjustment phase with
some overshoot in Nu, but a periodic behavior is attained after
one cycle of g-jitter. The maximum Nu is 5.595, a 281.6%
increase over the reference case. Table 2 includes the maxi-
mum percent Nu increases over the corresponding Nu, value
for each of the cases that were calculated. For w = 10~3 Hz,
even the minimum Nu value of 2.564 is 74.9% larger than
Nu,. This heat transfer augmentation is also evident for all of
the other frequencies, as will be discussed later. The maximum
velocity at the fluid free surface is around 78 cm/s as com-
pared to 0.0116 mm/s for the float zone with no varying g
effects. This significant velocity enhancement will undoubt-
edly affect the distribution of solute (dopant) in the float zone.
The stability and shape of the zone are other factors that will
also be affected by the increased flow inside the zone. Stream
function and temperature variations at specific monitoring
locations (inset of figure) in the zone are presented in Fig. 7.
The stream function value at the zone center Y is representa-
tive of the maximum circulation strength (single cell behav-
ior), and the plot clearly shows the complete flow reversals
during the negative g-jitter cycle. It is interesting to note that
the maximum and minimum y values are almost equal and,
hence, the residual gravity effect is relatively small. The ¢,
and ¥ values are equal and follow the same trend as ¥ 5, but
have smaller magnitudes because points A and C are located
off center and the stream function has the maximum value at
the cell center (one cell behavior). The temperature variations
near the hot and cold walls show ripple effects but no such
changes are seen at location 2 (the zone center). The crystal
solidification front is located near the cold disk, and the
temperature monitoring stations 3, 4, and 5 show the temper-
ature modulation due to g-jitter at these points. Maximum
temperature variations (obtained by multiplying the value of 8
by AT) of up to 4.8 K are noticed at these stations. The
low-frequency g -jitter will, thus, have a significant impact on
the shape of the crystal interface. It is to be pointed out that
only silicone oil, which is widely used for flow simulation
purposes, displays such a drastic temperature response.
Hence, the inferences drawn from results for this Pr cannot be
extrapolated to a realistic melt. However, it is evident that
significant flow and thermal field effects will be felt in silicone
oil liquid zones, particularly at the lower end of the frequency
spectrum. :

Calculations for w = 102 Hz over five cycles show similar
effects as the 10~3-Hz case. The isotherms display a more
subdued response than the flowfield and do not show a com-
plete change of shape as in the previous case. These small
shape distortions in the time-varying isotherms also result in a
sinusoidal Nu variation (Fig. 6). A lag of #/2 is observed
between the g-jitter frequency and the Nu variation, unlike the
previous case where the thermal phase lag is almost negligible.
The thermal field takes approximately two cycles (200 s) to
attain a periodic behavior, and the maximum Nu value calcu-
lated is about 125% larger than the Nu, value. The maximum
u velocity at the free surface is = 31 cm/s, which is a 60%
reduction from the 78 cm/s calculated for =103 Hz.
Hence, even though 10-2 Hz is a fairly small frequency,
significant differences are seen in the fluid response to the
same g-jitter amplitude of 10~ 3g, but different frequencies of
10~ 3and 10~ 2 Hz. A combination of these two frequencies (if
one follows the superposition rule) can thus result in a heat
transfer augmentation in excess of 300% beyond that of the
reference case. The g-jitter calculations illustrate that large,
encapsulated silicone oil zones, typically used to discern fluid
flow are extremely susceptible to g variations of low fre-
quency. Such low frequencies are difficult to isolate by either
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passive or active vibration isolation devices. It should be noted
that encapsulatlon of silicone oil may not be realized in. many
situations. Results also suggest that silicone oil model experi-
ments, though perhaps convenient to set up and execute, will
yield results of only marginal value for application to realistic
crystal growth fluids and melts:

Calculations for w = 10~ ! Hz (case 3) were performed over
10 cycles  and significantly diminished g-jitter effects were
apparent. The Nu enhancement is an order of magnitude
smaller than the two previous cases, but still shows modula-
tion due to g-jitter. This behavior, however, is not readily
ev1dent in Fig. 6 due to the scales used in the plot.

Thermal Sensitivity
In order to compare the system thermal characteristics, a
thermal sensitivity parameter was defined similar to the one
used in Ref. 17. It is defined as the maximum temperature
- difference between the g-jitter and the steady-state cases, with
the comparisons always being made between points at identi-
cal locations within the Zone. It is to be noted that this maxi-
mum could occur at any point inside the zone and is expressed
as AT, This parameter gives a good measure of the thermal
sensitivity of the configuration to prescribed osciilatory and
impulse-type disturbances. The maximum value of this ther-
mal sensitivity parameter determined after a periodic behavior
is established is also included in Table 2 for the different cases
that were computed. Specifically, Fig. 8 shows the tempera-
ture sensitivity curves for the computed frequencies over five
cycles for Pr = 60. The figure illustrates that the lowest fre-
quency imposed. is the most sensitive. The sensitivity level is
also shown to decrease as the frequency is increased. For
w =103 Hz, the maximum temperature difference between
g-jitter and the steady-state case is = 20 K, whereas for 10!
Hz, this maximum temperatire drops to-about 1 K. A change
of up to 20 K in a zone where the system temperature differ-
ence is 32 K represents'a 63% change in temperature. Such
large fluctuations would result in disaster for many crystal
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Cycle )
Fig. 7 Strgam function and temperature variations at monitoring
stations: w=10-3 Hz, Pr =60, Ma = —1.
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growth experiments. The solute distribution in a melt whose
transport coefficient (Schmidt number) is large will experience
similar high levels of distortion that can lead to severe crystal
inhomogeneities.

Impulse Disturbances

Bridgman configuration crystal growth studies by Alexan-
der et al.!® have shown that impulse-type disturbances can
severely affect the dopant distribution in a melt. Such impulse
effects may take as long as 1000 s to completely decay and
return back to flow conditions prior to the impulse, In this
investigation, two disturbances were examined (cases 4 and 5
in Table 2). The impulses were of strengths 10~ 3and 10~ %g,,
respectively, and acted on the system for a period of 1 s. The
background g level was maintained 10~ g, for both of the
cases. In the calculations, the impulse was initiated at # =5 s,
terminated at £ = 6 s, and the computations continued until
t = 600 s. Approximately 1500 tiriie steps were taken during
the entire calculation. Figure 9 shows the average Nusselt
number behavior over 600 s for impulses of 10~ 3 and 10~ %g,.
The fluid responds to the impulse and the maximum value for
Nu is reached within 2 min after the impulse was triggered.
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The subsequent decay of the thermal field is a very slow
process with only a 6.5% reduction from the maximum Nu
value reached after 600 s of computations (case 5). The ther-
mal diffusion time scale (L2/c) for silicone oil is very large
(= 12 h), and the decay of the thermal effects to the reference
state can indeed take a very long time. If one extrapolates the
linear decay rate seen in Fig. 9 for the 10 ~ 2g, impulse, a decay
time of about 25 min is predicted. This faster decay rate in
comparison to the slow thermal diffusion process.is due to the
definite but feeble convection in the zone due to the thermal
buoyancy-driven flow induced by the residual g-level and the
Marangoni convection. The calculated temperature changes
(reference vs. impulse) for cases 5 and 4 are 5 and 0.6 K,
respectively, and the maximum induced velocities due to the
two impulses are 81.5 and 9 cm/s. The decay time for velocity
(= 100 s) is much faster than the thermal field decay rate for
both of the cases. It may be noted that the induced velocity of
81.5 cm/s for the 10~ 2g, impulse is about the same value as
due to a g-jitter of frequency 10~ 3 Hz with an amplitude of
10-3g,.

Similar calculations for methanol were completed, and per-
tinent quantities are reported in Table 2. Detailed discussion is
not contained here for brevity.

Silicon Melt (Pr = 0.023)

Two symmetric circulation cells and no isotherm distortions
are observed for the steady-state response of the melt due to
Ma = — 1. The calculated average Nusselt number is 1.00,
which indicates no effect of convection on the thermal field.
For a low Pr melt such as this one, the temperature field is
diffusion dominated due to the high thermal conductivity, but
the presence of a sufficiently strong circulation can affect the
isotherm distribution as in the unencapsulated case. In this
case, the effect of melt encapsulation has reduced the maxi-
mum system velocity to = 0.0088 cm/s compared to 145.4
cm/s for the unencapsulated case.
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The stream function and isotherms for w = 10~ Hz (case
14) are portrayed in Figs. 10 over the fourth cycle of g-jitter.
The figures illustrate that g-jitter modifies the flowfield by
driving the upper cell during the first half of the cycle and then
driving the lower cell during the other half before reverting to
a somewhat symmetrical situnation at the end of the cycle. The
temperature field, on the other hand, shows no effect of
g-jitter or the surface tension forces. This kind of behavior of
the flowfield will be of influence to the dopant distribution in
a two-component melt. Semiconductor melts are frequently
doped with other elements to obtain certain crystal properties,
and the transport of these dopants (Sc = 10) will be influenced
by the flowfield. The oscillatory flow behavior will thus affect
the solutal convection and, subsequently, the crystal composi-
tion. The low-frequency (10~3 and 10 ~2 Hz) flow response is
essentially dominated by a single cellular flow behavior. Com-
plete flow reversals occur in a cycle of g-jitter. The isotherm
distributions for 10~3 Hz show some distortions and shape
change, but for higher frequencies (w>10-3 Hz), the iso-
therms show negligible effects of g-jitter.

Average Nusselt number and temperature sensitivity plots
for this Pr are presented in Figs. 11 and 12, respectively. The
Nu distribution for 10-3 Hz shows an oscillating behavior
with no phase lag occurring at the onset of computations with
two Nu peaks (1.1% of Nu,) per cycle of g-jitter. The temper-
ature sensitivity for this frequency is 1.73 K, which is smaller
than 21 K for Pr =60 and 2.7 K for methanol. The silicon
melt is therefore the least sensitive to g-jitter disturbances. For
w = 10~2 Hz, a phase lag of about 7/2 is noticed between Nu
and the g-jitter frequency, and some overshoot is evident in
the startup period. The thermal sensitivity plot (Fig. 12) re-
flects the Nu plot with peak oscillations of 1.73 K for 103
Hz, 0.89 K for 10-2 Hz, and 0.119 K for 10~ ! Hz. For 10!
Hz, the peaks are lower by an order of magnitude but the
periodic behavior is still present. The impulse disturbance
responses are depicted in Fig. 13, and the plots show fairly
short settling times. The thermal diffusion time scale is around
30 s.

Conclusions

The effect of g-jitter on unencapsulated and encapsulated
liquid bridges was investigated. Fluid characteristics and
parameters from three different experiments were employed in
the calculations: a silicone oil bridge (Spacelab D1, Pr = 60),
a methanol bridge (TEXUS 7, Pr = 6.827), and a silicon melt
(Spacelab 1, Pr = 0.023). Detailed numerical modeling of un-
encapsulated floating zone systems was carried out. The grav-
ity input consisted of both a steady and oscillatory accelera-
tion component. Detailed results on the fluid flow and thermal
fields were obtained. Based on these results, the following
conclusions can be made. )

1) The unencapsulated liquid bridges and float zone melts
considered within this study were dominated by surface-ten-
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sion-driven convection. Residual and g-jitter accelerations
had very little impact on the flows.

2) In the steady-state computations (the reference case),
maximum free surface velocities, often found near the cold
wall, were very high (the highest being 145.4 cm/s for the
silicon melt). Such velocities could possibly contribute to even-
tual oscillatory Marangoni driven convection and other detri-
mental effects in the actual three-dimensional experimental
situation. Average surface velocities were found to be much
smaller, although still significant especially for the silicon melt
(8.32 c¢m/s). Strong fluid circulations resulted in significant
distortion of the isotherms. Large values of average Nusselt
numbers indicated enhanced heat transfer.

3) Transient g-jitter computations indicated that silicone oil
was the most sensitive to imposed residual and sinusoidal
accelerations. However, the effects were minor as compared
to the Marangoni driven flows.

4) Because silicone oil will be dominated by surface-tension-
driven flow and is the most sensitive to gravity disturbances, it
may not be the best choice of fluids for simulation of crystal
growth floating zones.

5) Because of overwhelming effects of surface tensmn, en-
capsulatron may be required if striation-free float zone crystal
growth is to be achieved.

Encapsulated float zones were computatlonally subJected to
residual, oscillatory, and impulse-type disturbances. A Mar-
angoni number, Ma = —1, was chosen for the calculations.
Based on resultant fluid and temperature fields, the following
conclusions are made.

" 1) Steady-state computations revealed that zone encapsula-
tion resulted in a sizeable drop in the maximum fluid veloci-
ties. For example, for silicone oil the maximum velocity at the
free surface was 0.0116 mm/s as compared to 4.43 cm/s for
the unencapsulated zone. Further, the buoyancy-driven flow
due to g, overcame the Marangoni convection in the silicone
oil zone, resulting in a single cell occupying the entire zone.
The average Nusselt number was 1.466 (compared to 1.0 for
pure conduction).

2) The g-]rtter computations on the encapsulated float
zones resulted in significant augmentation of the maximum
velocities and heat transfer. Temperature modulation due to
g-jitter was also observed along the cold wall.

3) Further,  the transient computations indicated that the
liquid zones have a drastic dependence on the imposed gravita-
tional disturbances. The effects are particularly severe at the
lower end of the frequency spectrum. Again, silicone oil is
more sensitive to the time-varying disturbances than the other
two liquids. Low-frequency accelerations will be difficult to
isolate by either active or passive means. '

4) Impulse disturbances were found to induce significant
changes in the flow and thermal fields for all Prandtl num-
bers. In general, decay times to return to initial conditions
were smaller than the purely diffusion time scale.

5) The silicon melt was least sensitive to g-jitter accelera-
tions. Zone encapsulation reduces the maximum free surface
velocity from 145.4 ¢m/s (unencapsulated case) to 0.0088
cm/s. When residual and sinusoidal accelerations are im-
posed, the temperature field shows no effect, although g-jitter
modifies the flowfield. Thus, encapsulation of the silicon melt
appears to be an attractive space processing option. However,
oscillatory behavior of the fluid flow will tend to affect the
solutal convection and subsequent crystal composmon Im-
pulse disturbances were found to have a decay time compara-
ble to the thermal diffusion time scale.
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